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An  eKj>eriiaGatal  investigation  was  midertaken  at  a  noninal  Mach 
nxanber  of  5*6  in  tlie  QALCIT  IJypersonio  Wind  T\jnnel,  Leg  No,  !•     Ihe 
first  pliase  was  an  inures  tication  of  tlio  viscous  effects  on    leaGurcd 
inpact  pressiinDS#     Ihe  eocond  was  an  ii:ve3tii:atjx>n  of  tho  tcr.ipcrature 
recovery  cl^aracteriotics  of  a  a-h\iXj  shielded  total-teraperature  probe. 

liqjczlrTGatal  results  ars  presented  for  a  straic^it,  siiaip^li^ped, 
carlindrioal,  iiapaot-prossiirc  pix>be  a:id  for  a  flatta':ied'~arid  probe. 
Ir^act-preosure  data  were  o'dbainod  for  a  lio^olds  nuniber  rancQ  f:-t)n  U25 
to  8,000,  rjl-.ere  tlie  Rc^Tiolds  nuibor  was  based  on  free  Gtrcon  conditions 
and  the  irpact  probe  outside  diaieter.     Tiio  data  show  "Uiat  the  Raez-leigh 
equation  requires  corrootiocs  for  vis  ecus  effects  at  R^-nolds  nunbors 
less  than  6,000  for  the  ciixyiilar  sharp-lipped  probe  and  loss  tlian  U,000 
for  tlio  flattoried'-end  piobc*     The  viscous  effects  i::icroase  tjith 
decreasing  Ilo:,'Tiolds  nuiabers.    At  a  VjByp.ohXa  nuriibor  of  U25>  tiie  neasuied 
Ir^^act  piQssuiB  is  appi'oKiiiiately  2.5  per  cent  lower  than  that  predicted 
by  tlie  nayioJU5h  eqiation.    It  uaa  cxmcludod  tiiat  tiie  viscous  effects 
were  depcideiit  on  Ilaoli  nu-.iber  as  ijell  as  Ker-Tiolcte  number. 

Tenperature  recovery  factors  for  V\b  total-tonperc.ture  probe 

were  obtained  tlorou^out  a  Reynolds  nurilxjr  range  from  30*800  to  213,000, 

wliore  tlie  Rt^xioldfl  nu-ibor  was  leased  on  Iho  probe  entmrice  outside 

dial leter  and  Uie  free  streari  conditions,    An  aiialysio  of  suitable 

paroT'ieterer  wLth  liiich  to  present  "die  data  is  included  to£;ctlior  izith  the 

o^jeririttital  data.    For  a  llrAitod  istijje  of  total  tQ:i|>oriit'irrGS,  a 

sincle  teriperature  recovery  calibration  curve  was  obtained  ^len  the  Reynolds 

nunbor  was  used  as  a  paraneter.     Tiie  data  show  tiiat  the  ten^)eraturB 

recovery  factor  of  the  total  ttr^jcrature  probe  decreases  witii  docreasinc 

Htf/noldo  nunbcrs. 
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lOIEICUTUHE 

a  speed  of  sound,  ft./sec« 

A  area,  sq.  ft. 

A*  area  of  a  sonic  tiiroat,  sq*  ft» 

Op  specific  heat  at  constant  pressure,  Bti2/(lb«)(dGg.  F) 

d  probe  outside  diaraetor,  inclies 

d^  probe  inside  dia:ietor,  inclies 

h  boat  transfer  coefficient,  DtVCsq.  ft«)(dee.  F)(sec.) 

h  oliaracteristic  outside  dinensicn  for  flattened  probes,  inches 

J      ^  constant  convercion  factor  "  778  ft.  Ib./fetu 

k  tiicmal  coiiductiviti/,  Btu/(ft.)(dec«  F)(soc.) 

JL  LTOan  r:ioleci£Lar  fro©  j)ath  lonjrth,  incL;oa 

H  Mach  nuiiber,  u/a,  dimoiisicxiloss 

II.  Ilach  nmiber  Inaids  tei^iperaturo  probe  s  constant 

JIu  Ihisselt  nuDiber,  hd/k,  difnenslonless 

llu*  defined  bjr  I^  K/  ^Hp      1^,  dinensionless 

p  pressure,  lb8»/sq»  in« 

Pr  Prandtl  nuiiber,  u  C^c,  diriencionloss 

Q  heat  flia:,  Btu/sec« 

r  teriperature  rscoveiy  factor,  dinensionlesB 

R  gas  constant  for  air  «  1715  sq»  ft./(sec»^)(dec»  F) 

Re  Reynolds  xiinber,    pud/u.    ,  diinensionloss 

Re  Reynolds  niribor  evaluated  at  total  teripcrati^re 

T  absolute  ta.peratui'e,  dec*  ^ 

\i  local  velocity,  ft*/sec* 


vi 


V  mean  nolecular  velocity,  ft,/r.cc« 

z  varia'i:)le  length,  ft, 

X  ratio  of  specific  heats,  Cp/cy,  dinensionless 

X  a  length  of  tIienaocx>uplG  wire,  iiidios 

JA  absolute  vifscositcr,  lb*  sec«/eq«  ft. 

0  nxass  danslty,  lb.  sec.  /ft. 


Subscripts 


(  )        refers  to  cas  conditicais 

(  )        stagnation  or  reservoir  conditions 

(  )^      pertaining  to  the  tJiemooouple  irij:^ 


Sujoersoripto 

(  )        ocMiditions  after  nortnal  shock,  for  an  inviscid  fluid 
(  )        stagnation  conditions  as  road  bf^  inpact-pressurs  probe 


vil 


I»     BITRODUCTIOH 

Velocities  of  flxiid  stroans  wlilGh  are  much  greater  tlian  tlie  local 
acoustic  velocity  are  coiuaonly  referred  to  as  "hyperscaiic"  velocities. 
For  tiie  sake  of  dcfiniteness,   tie  l^yperscMiic  reglne  is  ax^trariiy 
considered  in  tliis  report  as  tiie  Ilach  niKiber  ranc©  above  $• 

Recent  dsvelopsaents  in  guided  missiles  and  rockets ^  vhidi  are 
doeicned  to  travel  at  hypereonic  Hacli  nixnbera  and  extrerae  altitudes^ 
have  necessitated  obtalnln^^  bosic  aerodynardc  data  in  hypersonic  wind 
tuTuiels*     'Qie  difficulty  in  accuratoJIy  obtaining  local  fluid  strean 
data  sudi  as  Hach  number^  Reynolds  nixiber,  otc*|  is  nuch  mors  severs  in 
a  rarifiod  hyperoonic  air  strean  than  in  suporeonic  or  subsonic  flow 
BtreaKis  of  hi^^iier  derisity.     Die  problem  specifically  treated  in  this 
oxperLnental  investication  is  V.at  of  Inteipretinc  and  calibrating 
lE^act-^ressurs  racasuronents  and  total-temperature  aeasurenents  in  a 
hypersonic  flow* 

For  neasuiwionts  of  impact  pressures  in  a  noving  fluid  field  a 
total  head  tube  is  conventionally  used*     The  tube  Is  ali^^ned  with  its 
aadB  parallel  to  the  flow^  and  the  fluid  stream  is  brought  to  zest  at 
the  open  end  of  the  tube*     jihe  pressure  at  tlie  c^en  end  of  t^ie  tube  is 
tiien  detemined  by  a  suitable  pressure  sensing  systosu     In^ct  pressure 
interpretation  at  low  dtaisities  and  in  subsonic  and  suj)ez*sonic  flows 
has  laeen  the  subject  of  seveml  theoretical  and  e»:)erimGntal  investi- 
gations (RefBc  1  to  6)* 

For  si:^er8onic  continuiEi  flow  of  a  coc^ressible,  non-viscous 
fluid  the  familiar  Rayleich  fom\jla  (Of,  lief.  9,  p.  77)  provides  a  netliod 
of  relatiiig  Impact  pressure  to  the  static  pressure  and  Hach  number* 


Application  of  U)b  IJaylei^^h  pitot-^uLie  equation  in^jliee  tliat  in  ihe 
flidd  streaia  boliJLid  a  noirial  shock  only  tiae  inertia  forcec  are  si^^nifi- 
cantj  consequon  JL:/-  use  of  tiiis  eqiiatton  becomes  iiicreasixjgly  inaccurate 
for  conditions  in  wiiidi  tiie  viscous  forces  becone  appreciable  coapared 
to  tiie  inertia  foi'ces.     A  criterion  for  tiiis  viscous  force  effect  is  tiie 
Reynolds  nui  .bor  of  the  flow  based  an.  a  suita  .lo  ciiaracteristic  dltension. 

For  tiie  case  of  a  oontinuuu,  sisperoonic,  conprussiblc,  viscous 
flow,  (i.e.,  low  lie)  thBoretical  corrections  have  been  applied  to  tiie 
Rayleip^  equation  (Refs*  U  and  $)  for  selected  pr>obe  georaetri.es. 

For  Qxtref  lel^  low  density  fluid  flow  in  vtiich  continuun  flow 
analyses  no  longer  are  vnlid,  ttie  ti  ooretical  ordinary  gas  c^manios 
predictions  for  the  impact  pressures  nixst  be  set  aside.     Tlie  general 
field  of  rarefied  i^aa  dynamics  has  been  discussed  by  Tsien  in  Ref .  10. 
A  usef  ol  criterion  for  estimating  liie  low  ;jensity  effects  is  tiio  nolecular 
mean  free  path  length,  wiiich  oan  be  defiiicd  as  the  average  distauce 
between  raolecular  collisions.     The  ratio  of  tiie  iiean  nolecular  free 
path  to  a  (iaaraoteriBtic  di:.ien5lon  of  a  body  l-noroed  in  a  flidd  stream, 
^/d  ^  M/Ro,  is  a  signijficant  paraaeter  for  estiiiating  the  roagnitude  of 
the  low  density  effect. 

The  nagnitude  of  the  xntio    i/d  for  VKiich  the  ractliods  of  continuum 
flow  nodianics  are  inadequate  is  not  well  defined.     On  Ihe  basis  of 
considerations  of  ex^ierlneiital  daut  obtained  by  Kane  arid  Ilaolach  (Ref. 
2),  it  appears  that  continuun  fluid  dynaiics  tl^eory  requires  corToctioiis 
for   i/d  values  e:i^ater  than  about  .015, 

Wlien  the  molecular  .;:ean  free  paths  are  !La2\:e,  of  tiie  approxmate 
order  of  10,  cooparbd  to  body  dinonsions,  a  fully  developed  moleci-lar 
flow  exists  (Cf,  itef,  10),     In  tiiis  case,  tiiO  collisions  of  a  rwlccule 


with  the  bod;'  in  tlic  sti^ar;  are  snucii  nioro  frequent  than  collisiona  with 
other  laolecuLes,  and  liio  nethods  of  kinetic  tiieoiy  of  i:;ascfl  mijst  be  used 
to  predict  impact  pi>ess\..K3B« 

V/ith  incn)ai.:inG  raolocular  nean  f  i^ee  path,  the  noinal  sliock  nave 
beconee  tiiicker  and  loss  woU  defined  and  niay  not  even  exist  as  such  for 
a  fully  develOijed  Troo  riolec.:lar  flow.     Tterefore,  a  nodifiod  R.a7lod€hi 
foznula  i^iich  aiits  the  siiodc  wave  e^Airely  rdglit  be  of  concidemble 
interest  at  low  densities*    ClianbrB  and  Schaaf     (Bef»  6)  have  derived  an 
eqiiation  predictiiic:  tiie  ir^ot  pxBSSure  based  on  consideration  of 
kinetic  tleorj'-  for  fvQJLy  dovoloed  itiolocular  flow* 

In  the  transition  region  between  oontiniium  and  fvXL^-  developed 
noleci^lar  riow,  no  iiiGoiy  prGdictin^^  the  intact  pressures  in  a  noving 
stream  exists  at  present*    For  this  tra:isition  recion  Kane  and  Maslach 
(Rof*  2)  1-iave  nade  an  eosperl^ontal  investl^atiwi  of  in  >act  press;  ros  near 
tljo  estinated  continuum  limit,     H/d  from  •I38  to  .0123  and  over  a  ilacli 
nunber  ranjje  2*3  to  3»6  ai-id  RejTiolds  nuiber  rant^e  of  25  to  SoU.     Siienian 
(Ref  *  1)  has  also  riade  an  eoqjoi^iental  iiivestigation  of  ir^^ot  pressuros 
near  tixj  estinated  oontinuura  linit,     i/d  «»  ,003  to  .11,  Mach  nuriber 
ranee  of  1*7  to  U*0,  and  Re^aiolds  number  rar^;©  of  1^  to  8OO* 

'Hie  resiiltc  of  botli  of  those  e»perino:ital  Investigations  showed 
viscous  corroctiona  at  voiy  low  ReiTiolds  niciberB,  wliicii  i'loldod  inpact 
pressures  higher  tian  tiiose  which  ijclJUI  be  coiaputod  froni  Rayleic^a's 
fomula*     In  addition,  Ref,  1  indicates  a  region  at  sli<:htly  higher 
Reynolds  niribers  whore  the  i^ipact  prssrure  viae  loss  than  tiiat  predicted 
by  non-viscouG  t.iooxy* 


As  a  conclvBion  to  ^icf#  2,  a  need  waa  ex  jresaed  for  furtiior 
oxporinoiital  tests  at  higlier  Madi  ninljera,     llie  iDipact-^^ressure  phooe 
of  this  irivestication  involves  ex;^5eriments  dosiynod  to  provide  tlio  Qxte-iied 
Ilach  nuiber  raiiije  and  to  include  a  cc^itparisai  of  ttfo  probe  geaictrioa^ 

Because  of  practical  consideratioiis  and  linited  tL-iC,  this  investi- 
gation was  rGstr5.cted  to  a  noninal  Iladi  nixabor  of  ^.6  a2Td  a  minlriiBa 
Reynolds  nunbor  of  the  order  of  UOO  based  on  icipact  probe  outside  dlaneter 
and  free  stroaM  coiidr/uions*     Trie  ei?pliasls  on  tiiis  phase  of  investigation 
vras  to  obtain  exrjcirinental  data,  at  hypersonic  Iladi  nuribers  and  low 
Reriioldc  nunb02«,  on  the  variation  of  oxpeiiricntal  impact  -•  pressivre 
rKjasuremente  f  nstii  tiiosc  p indicted  "by  Kaylei^'s  ecjuation*     In  addition, 
it  vras  desired  to  sul^stantiate  ti;e  general  troiJds  in  this  variation  as 
deteiniried  b7  previous  iiivestigatoia  at  loirer  Iladi  nuiMbers» 

The  design  and  calibration  of  total- traiperetuie  probes  for  'jse  at 
hypersonic  velocities  have  been  tiie  subject  of  relative]^  few  ejq^eri- 
nental  iiivestigations  (Cf«  Ref,  11) #    For  subsonic  and  si|5eiTsonio 
velocities  the  desit?i  and  calibration  of  total- lar.ipemturc  probes  have 
been  in"^sti4;atod  in  r^fs.  12  and  13  • 

The  design  of  a  total-terii)erat-r©  probe  to  give  a  relatively- 
constant  calibmtioii  for  a  certain  ra.ige  of  test  conditions  is  laTt^ely 
a  qualitative  process  involving   Uie  selection  of  -^site rials  and  dii.ieiisions 
wJiich  will  fit  tiie  test  conditions,     ti  order  to  approadi  the  optiUiUia 
design  of  a  total-tQr;??eitituro  prebe  for  use  at  iiypcrsosiic  velocities, 
a  oonoidorable  anount  of  tiieorotical  study  a:id  experire.ital  iivos Ligation 
is  nsquired*     E,  II,  V/inklor  of  ti-ie  Ifcival  Ordnarice  Laboratory  has  loade 
rather  extensive  design  and  calibration  stiAdies  for  total-t€3tt>iijerature 


probes  at  hypersonic  vclocitioe  and  orror  a  considerable  rbn^Q  of  Reynolds 
nuribGrs. 

!flie  noet  useful  nethod  of  preseuting  total-terneratui^  calibration 
data  is  by  neans  of  a  single  calibration  curve  tliat  would  te  valid  for 
all  flow  conditional     !iho  choice  of  a  parajaeter  of  i  ho  fluid  flow  which 
will  produce  a  sinr^e  curve  is  not  insiodiately  obvious*     Tlie  rooults  of 
previous  ter^perature  probe  calibrations  have  oonventionalljr  been  pre- 
sented with  eitiior  Iladri  msnber  or  Rciynolcte  nunber  as  tlie  variable 
para:.eter«     Howevei',  in  Vcie  h^/personic  raxLi^B  vbq  of  aie  of  tiiese  para- 
neters  as  iiie  variable  resiilts  in  families  of  calibrotion  curves  for 
conetaiit  values  of  the  other  paraiKJtor. 

TJio  depG:idence  of  teraperature  recovezy  on  iJusselt  nunber  is 
considered  in  Ref  •  1X«     The  IhxBselt  nunbor^  based  csn.  tlieniooouplo  wire 
d  a.ieter  and  conditions  inside  the  probe^  was  calculatod^  sayA  tiiis 
nuiber  wjiS  tlien  srtultiplied  by  the  ratio  of  c^is  theaial  oondLactivity 
to  nean  thortial  oonduotivlty  of  the  tiicmocouple  wires*    I'his  paitirieter 
is  a  rioasure  of  Uio  heat  traiicfer  balance  at  iho  thenaocouplo  juiictdlon 
as  indicated  in  the  analysis  ccaitained  in  Appendix  A*     In  Rcf  •  11, 
tor^xjrature  i^oovory  factor  for  a  given  probe  was  plotted  vermes  U\iB 
par-moter,  and  tlie  rosultinc  plot  produced  a  sincle  curve  viiidi  was 
valid  for  a  considerable  ran^o  of  iiach  nunbere,  Reynolds  nanbers,  and 
stagnation  tanperatiiree  of  tlie  flow* 

The  desicn  of  a  new  type  totial-terporature  probe  was  not  con- 
sidered in  iiils  investigation*     Ihe  scope  of  tiiis  inves'JL^ation  was 
sir^jiy  to  construct  a  teaperatiire  probe  based  on  existinc  desi^jis  ttiat 
had  proved  successful  and  tro  calibmto  tiiis  total-tei-^eratui'e  probe  at 


a  ncxninal  Macli  nirixjr  of  5«6  over  a  raiige  of  free  stroaia  Re^Tiolds  rnanbers. 
Two  tooal-teipcr^ture  probes  bosod  on  deeiens  sutEestod  in  Ref  •  U  were 
adapted  for  use  in  this  prot;  mn» 

TIio  erpiiasia  3ji  this  pliase  of  the  investigation  was  on  obtaining 
data  o"VQr  tiio  t^roatost  possible  raige  of  lo-jnolda  nxirabers  aiid  total 
tenperatureo  and  on  oonvo?tin£;  tlieso  data  to  obtain  calibration  ciirves 
for  tftiperatiLrs  rocovoiy  faotorc  90  tiiat  tiioeo  temporatns©  proTjos 
oould  bo  used  in  fuirtlier  e^q^eririontal  work.     It  should  be  noted  "Uriat  tlie 
calibrati^Ki  cui'ves  are  limited  to  use  t»ith  the  two  teriporature  probes 
testod. 

2hio  erpeiiciontal  project  was  conducted  in  the  GALCIT  ^  x  5  inch 
lISrpeiBonic  t/ind  Tunnel  Leg  !io,  1  in  cooperation  wi.th  IS  J«  C,  Graves, 
U#  S«  ilavy,  and  irider  tlie  si:$)ervision  of  Dr,  H»  T«  Nagaiatsu. 


A,    Wind  Tunnel  DeaorLption 

The  GALCrr  ^  x.  $  inch  Hypersonic  Wind  Tunnel  (Leg  Wo»  1)  wae 
iised  for  theao  toete.     It  is  of  the  continuous ly-o;x3ratinct  closed-return 
type  and  is  operated  ly  a  ccx^ lessor  plant  consisting  of  sixteen  ocxo* 
pressois  driven  ty  seven  electric  niotors.     The  thirteen  caiQ)rBSQor8  in 
the  first  five  conpression  stages  are  Fuller  rotazy  conprcssors,  vjiiile 
the  final  two  stages  consist  of  thrse  reciprocating  coc^ressoiB,     A 
systen  of  valves  and  interccamecting  piping  pennite  the  selection  of  a 
wide  vazrLety  of  plant  ooii^jrossion  ratios  and  nass  flows •     Biese  valves, 
QB  well  as  the  oonpressors,  are  operated  ranotely  from  a  master  control 
panel  (Cf*  Fig*  1)»     a  sdienatic  diagran  of  the  wind  tunnel  installation 
is  shown  in  Fig*  2« 

The  Leg  No*  1  test  section  id.th  fixed  iiozzle  blocks  designed  for 
a  nociinal  Maoh  mnber  of  6  was  used  for  tiiese  tests*     'ihe  nozzle  blocks 
were  designed  by  the  Foelsoli  analytical  metiiod  with  correction  applied  for 
the  estimated  boundaiy  layer  growth*    Static  orLfioes  were  provided  at 
one-inch  intervals  in  both  nozzle  blocks  to  pomit  a  clieck  to  be  riade 
with  tie  original  nozzle  calibration* 

Tlie  Leg  Wo*  1  air  heating  system  enq^loys  superiieated  stean  in  a 
nultlplo  pass  lieat  exchanger  and  is  capable  of  producing  a  maxinum 

Stagnation  temperature  of  about  300^  at  a  reservoir  pressure  of  Sk  psia, 

o 

and  230  F  at  atirospheric  reservoir  pressure* 

Tlie  water  content  in  the  air  was  kept  well  below  100  parts  per 
million  (by  wele:ht)  by  passing  it  through  a  tank  containing  ajjproxi- 
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riately  2000  pounde  of  silica  cg1»    Oil  was  removed  by  Cyclono  separators 
after  ©adi  cOT^ression  stai;;e  aiid,  in  additipo,  by  finely-divided  activated 
carbon  canisters,  porouo  carbcMi  filter  blocte,  and  a  Mine  Safety 
Appliances  "Ultra-Aire  Space  Filter". 

B»    Model  Description 

1»     laijact-Pressure  Probe  Rake 

Six  stainless  steel  probes,  of  vaiying  dianeter,  were  mounted  on 
a  2  inch  x  2^^  inch  stainless  steel,  wedge-eliaped  raise  as  shown  in  Fig,  3» 
The  lead-in  tubes,  silso  of  stainless  steel,  were  conpletely  enclosed 
within  the  wed£pB  and  its  ^A^  inch  dianeter  support  rod»    With  the  \;ise 
of  the  extemally-operstod  model  control  system  in  the  tunnel  test 
section,  the  rake  could  be  moved  vertically  so  as  to  bring  each  probe 
into  the  tunnel  c©iter  line. 

Two  pnjbe-ond  geraietrles  wei^  \ised.     Ihe  T;/pe  X  probes  we^re 
sharp-lipped  and  circular-ended  vltti  outside  diasieters  varying  f  rcaa 
0»0l6  inch  to  0.25  inch,     Bie  Type  II  pir>bos  were  riade  by  flattaiine 
the  ends  of  round  tubes  so  that  the  ratio  of  outside  height  to  outside 
width  was  one-tliird,    Sises  of  probe-end  outside  heif^its  ranged  f  ron 
O.Ollt  inch  to  0,109  inch.     Figure  h  shows  a  sdieriatic  sketch  of  these 
two  probe  geoene tries, 

2,     Stafiiiation-Tenperature  Proles 

Two  stagnaticai-taaperature  probes  were  constructed,  botli  essen- 
tially similar  to  the  desigi  given  in  Ref ,,  11  but  differing  from  each 
other  in  outside  dianeter  of  tlie  probe  entrance  and  tiiemocouple  wire 


diaiieter,     Botli  probes  consisted  of  a  sir^i^le  platinum-coated  qvarte 
shield  ca(ie;rbed  to  a  stainless  steel  holder  with  a  high-tcaaperature 
ceronic  cenent.    To  replace  contimiofuely  tiie  air  inside  the  prol^e,  a 
sin{;le  vent  iiolo  was  prt>vided  in  tiie  sliield  aft  of  tlie  thcRiocouple  so 
that  the  ■ront-aroa  to  enrtraiica-area  ratio  "was  a^jproxiaatelc/'  1«5>«    lixpori- 
nental  data  in  Ref  •  11  indicate     tiiat  this  area  ratio  is  an  optinum 
value*     Iixjn-coiictaiitiLi  tlTemocoiiplGS  wore  oenented  Into  a  quarts  aiqjport, 
wiiich  in  turn  was  sealed  into  tiie  stainless  steel  holder. 

Probe  A  liad  an  entrance  outside  dianeter  of  0«10  inch,  and  B»  and 
S.  gage  30  (.01  inch  dia'ioter)  tliemooouple  wire  was  used,  wiiile  tiie 
outside  dianetar  of  the  e:itrance  of  Probe  D  uaa  #063  inch,  and  0.012 
inch  diaraetor  thorraocouple  wire  nas  used.     Fig.  ^  gives  a  schanjatlc 
sketch  of  thosa  probes,  and  Fig#  6  shows  the  probe  support  on  liiioh  the 
pzx)bos  iiero  mounted  for  placeoent  in  tbe  tunnel*     It  should  be  noted 
tiiat  this  latter  probe  siipport  also  included  an  irr^act-prsssure  probe 
and  a  static-pressurs  probe,  in  addition  to   the  tar;iperature  prDbe,  so 
that  flow  Condi tioi^  In  the  tunnel  test  section  could  be  Measured 
readily.     Each  probe  could  be  positioned  in  turn  on  tl^ie  tunnel  ce.iter 
line  by  means  of  tl^  niodel  supposrt  oont2?ol» 

3<    Static-Prcssurp  Probe 

Bio  static-pressure  probe  was  constructed  of  0»083  inch  outside 
diazieter  stainless  steel  tubing  vrith  a  solid  10  degree  conical  nose* 
T  ree  static  orifices  spaced  unifonrjy  around  the  tube  circumference 
were  located  30  didjneters  dounstrean  froci  the  nose* 


C»     Lnstni:i:i9ntation 

1#     Preaaure  Iloasi-irements 

The  reservoir  pressui^  v/f^  i-er-xjured  with  a  Tate-Eneij''  nitix)c«>' 
balanc3cd  gc^e  and  controlled  uitliln  -  0»0l;  psi  hy  a  liinnearx>lis-Hoiie;>"'ifBll» 
Brown  circular  ci:art  controller,     i\ll  otstic  and  ii\>aot  pixjssiures  »rer8 
neaaarned  on  a  sHiooiie  fluid,  vacsimar referenced  nancMraeter  (Fie.  1). 
With  tliG  latter,  press^ares  could  be  oasi3ir  read  to  Uie  cloeest  0»1  ai 
arid  esti^iatod  to  0.01  cm  of  silicone*    This  cstinate  is  approxlnately 
equivalGsat  to  0.07  nicrons  of  nercmy. 

2»    Tenperatiire  Measurements 

TiiQ  tunnel  stayiation  ter^jerature  was  measured  by  an  iron-C(Xi- 
staiitan,  shielded  tlicrrocoi^lc  located  one  inch  upstream  f  rcffi  the  noszle 
throat  and  was  rocoixied  and  cont3:t)lled  by  a  Minneapolis-HoncyweUL- 
Brovai  circular  chart  oontiDllor  to  within  i2**F,     2hfl  ti-ierraooouples  in  the 
staenation-tenpca'ature  test  probes  were  differontially  coraiocted  vrlth 
the  rtjservoir  theinooouplG   lo  a  Leeds  and  Uosrtiirup  slide-wire  poteiitio- 
neter,  as  cl:own  sclieinatically  in  Fig,  7» 

D,     Test  ProcedrrB 

!♦     Inpact^P  res  sure  liuns 

Prior  to  the  installation  of  tlie  probe  rake  in  the  test  section, 
an  aacial  static  pressure  survey  vns  coiidacted  on  the  t\miiel  center  line 
to  locate  a  region  of  unifo:Ti  pressuro,  A  point  19*7  inches  aft  of  the 
ti;roat  was  selected,  and  tiio  Inpact-^prsesure  probe  ends  wore  alii_;r)od 


aocordi:if;ly.     In  ailditioii,  a  vortical  total-head  survey  was  nade  at  tiila 
position  ;ri.t3i  res.ilts  as  shown  in  Fig.  8« 

After  the  probe  rake  was  insta31od  aiid  connected  to  tiie  --lanoneter, 
each  conplete  systeci  \n\s  caref  xilly  loak-Kdiocked.     With  the  tunnel 
opera  tine  at  a  specified  ireservoir  condition,  each  of  the  six  differeiit- 
sised  probes  on  the  rtike  \m8  in  t\xm  placed  at  the  test  section  center 
line^  and  its  pressure  measured  on  t^ie  silicone  manoneter*     llils 
pocitioning  \ma  accoriplislMJd  with  the  verbical-aotijatinG  nodel  coi.tit>l 
systetn,  ^ich  vras  sxtemally  operated*     In  additdbon  to  counter  rQQdiJXjS 
on  the  vertical  sur^poi'ts,  it  was  found  desirable  to  use  the  sclilieren 
system  and  a  fixed  grid  networic  placed  on  tJie  glass  port  to  clieck  tiie 
center  line  pOTitionlnc*     'ilic  cycle  \ms  repeated  lantil  a  detemiiiation 
of  tlie  reproduciliility  of  results  was  coi^leted. 

Since  it  was  desired  to  obtain  the  lowest  possible  Reynolds 
nunber  (and  consequently,  Iho  loaiest  air  density)  in  the  test  section, 
the  stagnation  oonditioie  of  ninirauia  possible  stagnatioii  pressure  (p^) 
vith  the  coiTesT-»ondinc;  ..axinuiri  total  tcraperature  (T^^)  were  selecttid 
for  one  r-ji.     In  addition,  sovoral  runs  at  slijit]ly  lower  T^'s  and 
hlglier  pjj's  ^3ere  laade. 

2ie  actiTil  reservoir  tcriporature  and  pressure  caibinatiano  used 
were  as  follows j 

Pp(pgia)  TqC®!')  nerjarks 

ll4»7  230  one-phase  flow 

m.7  221  ono-pitase  flow 

1U»7  210  ono-^iiase  flow 

30.7  2U2  oiTo-^ -aso  flow 
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A  Qciilienen  picture  was  taken  of  Uie  .Clot-J  around  tlie  proba  r?ike 
to  doteroiiie  if  ai^r  nhock  wave  ttiterfereice  eccisted  from  one  pn)l:>e  to 
another.    Referring  to  Fig,  9,  it  is  seen  tiiat  the  stroocest  shodc  wave, 
created  br  tiic  laii^est  probe,  coea  not  intersect  tire  r.djacert  probe 
uitil  it  is  i-.iaziy  dia-^.eteis  doimstraan. 

2m    Totol^Teriperature  Rvms 

The  total-tei^joratiii©  probe  was  r;iounted  in  tha  tunnel  on  a 
sujport  wliidi  also  incliided  a  total-precGi  ro  probe  and  a  ctatic-pre;sBurB 
probe  as  slicxm  in  Fig,  6,    Tlie  latter  two  probes  were  coniectedto  the 
Eianometer  Ejisteiu  and  tiien  carefuUj^  lcaJ.:-testcd,     'ihe  leads  f  ron  the 
test  thenaocoi4>le  vxere  differesitial]^'  connected  with  the  reservoir  thcnao- 
couple  to  the  potentloiaeter,     llius,  the  e.ri#f#  read  on  the  potenta.oncter 
vae  prcaportional  to  the  tenperatui^  differe.xse  between  T^  and  the  teraporature 
sensed  \t/  ihe  test  probe,  T^*, 

For  each  calibration  rm,  the  resei'^'Oir  tcnperat'ure  was  held 
fiiiod  and  the  reservoir  pressuro  varied  tIi(Truchout  its  possible  ratii^e* 
At  each  flow  settinij  the  total  prtis.'nirB,  static  pressure,  and  e.n.f, 
were  rocordod. 
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III.     HEDUCTION  AMD  AliAXYSIS  OF  DATA 
A»    Inpact^P  res  sure  Correction  Technique 

In  order  to  dotcr  ;lne  a  viscous  correction,  it  is  first  ixjcecoary 
to  find  tlie  valiie  i^iich  the  in^ct  pressure  would  have  if  the  flow  were 
essentially  inviscid.    Tiiis  value  could  be  detemined  if  an  impact 
probe  wore  used  which  wae  sufficiently  ]arce  that  tlie  viscous  effects 
were  no  longer  detectable.    Hoifevar,  It  was  not  known  intuitively 
vihether  the  Reynolds  nunber  of  the  largest  probe  on  the  probe  itiloe 
tested  was  large  enough  to  be  free  of  visooua  effects.     Consequently, 
sone  additional  aiialyois  was  necessary. 

A  nethod  of  attack  which  pi'oved  quite  satisfactory  in  Ref .  1  was 
employed.     Biis  tedinique  consisted  of  plotting  the  neasured  Impact 
presEires  against  ■Uie  inverse  of  inpact-^robe  diancters  for  tlie  six 
diffarent-^ized  probes  tested  and  oxtrapolatine  a  curve  through  the 
resulting  points  to    l/d  «  0.     The  value  of  the  prsssure  intercept  at 
this  point  was  corisidered  to  be  that  coL'responding  to  the  impact 
pressure  in  an  invlscid  fltdd. 

This  process  of  lotting    l/d  approacii  zero  was  considered  equlva- 
lait  to  letting  the  Reynolds  nunber  approach  Infinity,  all  other  factors 
in  Re  having  been  hold  corjstant.    Typical  plots  of  data  involving  this 
pz%)ces8  are  shown  in  Fig*  10. 

B.     Dotemiriation  of  Flow  Paraieters 

1»    Hach  !?ml)er 

With  the  neaeurod  impact  pressure,  corrected  for  viscous  effects 
as  explained  previously,  plus  the  neaeiax^d  static  pressure,  the  fret 


stroan  Iladi  nun')ei*  was  calculated  reinc  Rayleigh's  well-toovm  sr.perBoiiic 
pitot  tube  eqiiation.     In  the  instance  vrtiere  the  static  pressure  \jos 
noasuired  during;  a  in.Ji  8ubeeqi.!ent  "to  a  series  of  in^act-pressure  runs, 
the  repjT>duc±bility  of  floir  con  -itions  vjss  checked  hy  noaiis  of  a 
reference  Inpactr^jrt^svviD  probe • 

TliG  subsomic  Hach  nmber  of  the  flow  vri-tiiin  the  total- tGmperati.rB 
probes  ima  calculated  simply/'  f  ron  the  asi^a  ratio  of  the  shield  ias5.de 
dianeter  to  the  vent.     Since  trie  presm.re  ratio  at  Uie  "rent,  p/p^',  is 
well  bolonT  the  critical  value,  a  sonic  throat  exists  in  the  "vent  pacsaco* 
Ihus,  for  a  ci'^^^n  probe  eeorietxy,   Ihe  !Iach  number  of  the  floi;  witb.in 
the  pi'obe  is  essentially  independent  of  free  streajii  flow  conditions. 

2»    Re:>nolds  Iluriber 

The  Reynolds  nurfoer  per  inch  based  on  undistuitjcd  free  stroani 
conditions  was  calculated  for  each  flow  settings    The  correspcHiding 
Reynolds  nunber  for  each  in^jact  probe  based  on  the  outside  diaiiotcr  was 
then  detcmined»     The  measured  f  i^e  streoii  pressure,  tt:e  stacr^ation 
tcnperatiiTc,  and  the  corresponding  value  of  the  Mach  nunber  were  used 
to  ocar^ute  the  RervTiolds  mrabcr. 

By  definition  we  c  an  write 

Re    «    l.ud    „    ejlad  (X) 

The  assunption  of  the  perfect  gas  law  sives  p  -  p/RT,  and   the  sonic 
velocity,  a,  is  given  by  a  •  Y  t  HT,  Substituting  for  P  and  a  in 
Bq.  (1)  w©  obtain 


R.  -   »  ^P^  (2) 

yU.RI 
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ivhlch  roducos  to 

Re    -    0>3U3   ^^^  (3) 

/i-  yr 

for    X'  =  l.U  aiid  R  -  1715  ft./sec.     ^«     TLie  unito  of  p,  d,  u,  and  T 
are  given  in  the  list  of  symbols. 

By  assvninc;  adiabatic  flow  Vae  free  stroan  temperature,  T,  was 
then  obtainod  f  ron  the  ecjuation 


1  +  -^  M^ 

A  plot  of  tJiis  equation  given  in  Ref »  lU  was  used. 

The  oorrcsponding  value  for  tiie  visoosity  of  air  was  obtained 
fron  a  plot  of  the  Keyes*  equation  for  viscosity.    Ref »  15  indicates  that 
for  air  at  very  low  toraperatures  Keyes*  oqiiation  is  noro  apprqpriato  ■Unan 
tlie  familiar  South© rland's  equation  for  viscosity.    For  air,  Keyes* 
equation  becones 

M    (slugs/ft.  sec.)     -    2.316  x  lo"*"^ J^ ,-.  (5) 

At  higher  toaperatures  (above  500  k)  ths  visoosity  for  air  was  obtained 
fi\:;m  curves  based  on  SouUierlond's  equation  given  in  Ref.  16. 

Thus,  all  the  properties  used  to  ciiaracterize  the  air  stream 
have  been  those  of  the  undisturbed  free  stream.     It  was  also  desired  to 
obtain  a  set  of  rcferaice  properties  based  on  conditions  behind  a  nomal 
shook  wave.     The  change  in  properties  of  a  free  s  tie  am  passing  through 
a  nomal  shock  wave  was  calcuGLatod  by  the  uee  of  curves  of  nortoal  sliock 
wave  functions  given  in  lief.  lb. 
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3«    Knidaen  IJunber 

Tha  mean  molecular  free  path  lengths  for  the  undieturtxjd  free 
strean  and  for  flo(7  conditdons  after  a  nonial  shock  wave  were  calculated* 
For  eacii  probe  the  corresponding  Kniidsen  nxjRbera  wero  detennined.    From 
Kinetic  theory.  Chapman  gives  (Ref.  17) 


/x    «    Oj;99pvX  (6) 


where  v  is  the  mean  molecular  speed  and  Z  is  the  mean  molecular  free 
path  length*  Results  from  kinetic  theoiy  also  connect  v  with  the 
velocity  of  sound,  a,  by 


V  -j/GT    .  (7) 

where   t    Is  the  ratio  of  specific  heats.    Combining  Eqs*  (6)  and  (7) 
yields 

X     .    ^^^^^  ^  (8) 

Itotlne  that  /'/pa  =d  ll/M  and  using  ^=1*1a  for  air,  Eq«  (0)  beco:iBS 

I    •=    Ui9  (M/Re)  d  (9) 

The  Knudsen  number  is  now  e:q>recsed  as  a  function  of  Keynolds  nurnber 
and  Ilach  nuribert 

/  /d      "    1.U?  (M/Re)  (10) 
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U»    N"usselt  ll^mbor 

Eie  IIiiEselt  nuiber  concidered  here  involves  the  rate  of  heat 
transfer  betweoi  the  air  flow  aiid  tlie  thenaoco\iple  wire.    It  is  defined 
In  scleral  tjy 

Htt      -     -r-Y^  (11) 

whore      h    "    heat  tionsfer  coefficient 
k_    «    gas  tliemal  conductivity 
d^    ■    tliennocou.ple  wire  diameter 

Moreover,  for  flow  in  which  heat  transfer  is  taking  place  we  nay  \/rite 

Hu    -    f-(M,  Re,  Pr)  (12) 

wliere  Pr  is  iiic  Prandtl  number  for  air  and  may  be  considered  as  rsmaining 
constant,     Iknt,  if  wo  detemine  tlie  RejTiolds  number,  Re^,  based  on  an 
evaluation  of  coa  density  and  viscosity  at  total  tCT^jerature  ratiier 
than  at  static  temperature,  tiien 

Ro*    «    0(Re,  M)  (13) 

and  80 

Nu    «    fgCRa*)  (lU) 

In  Ref*  18,  a  seoDi-ec^irical  equation  has  been  deterroined  for 
this  relation,  na:aely, 

Nu    -    0.U31      Y^  (15) 

\flih  this  equation  the  Nusselt  nw.iber  of  the  flow  inside  the  total- 


iO 


tenperatvre  pro'x5  (baned  on  tiiGiriocouple  wire  diar.ieter)  is  easily  cal- 
culated fron  raoasurcd  quantities  as  folloi/s: 

P.*   -    Po"p^>     =     o.3-;3  Po'  ly  a,  n 

He      "      ;  L-,        ^      r  .  ■,  (lo) 

\  ^  yi;  ;xo  (1  *  0.2  :^2)" 

p  •     »    ir^act  pressure  in  lbs, /in* 

2 
Uq     ••    ^(^0^     "    ^®^  viscosity  in  lbe,/ft«  -see. 

d      «    thermocouple  wire  diameter  in  inches 
Hq    ■»    Mach  nunber  inside  probe 

For  the  given  pix>be  geoiiietries  considersd^  there  exists  tae 
problea  of  detenainint^  the  proper  area  ratio  to  use  in  calculating  i-L* 
However,  considering  the  entrance  area,  wnere  II    is  even  gi^eater  tiian  it 
is  at  the  thomoooiple  i/ire,  we  find 

A/A*  -5,1^-  o.vn 

Ihus,  the  variation  of  the  denocainator  ef  Eq,  (l6)  with  Up  is  negligible, 
and  wo  oan  write 

Be*  0*3U3  d,,  p^» 

^  VT^    /^o 

whers  tlie  indefiniteness  of  calculating  tlie  C(xietant  IL  is  eliniiiatod 
ly  indxiding  it  with  the  paraiioter  Re  • 
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Fron  03q>erinental  results  in  Ilef  •  11  £ind  an  anolyBio  of  heat 
transfer  balance  in  the  themocou  ^le  wire  contained  in  Appemdix  A,  it 
ajapears  that  th©  parameter  Uu  kgAy  is  significant  for  the  investigation 
of  the  temperature  recovery  factor*    Accordingly,  a  paraneter  Nu    is 
defined 


„  flu  k„ 

Using  Sqp.  (15)  and  (17}«  ttils  ctay  be  wrltton 


0.2g2  d„^  Po'^  kg 


Bu«    -      "-f  ^  Y  P°'     'B  (19) 

For  the  thennoooti;:)le,  k^  is  a  constant  and  nay  be  considered  as  the 
nean  of  tha  two  vulues  for  iron  and  constantan*     However,  kg  varies 
with  the  changing  conditions  of  the  gas.     In  Ref  •  18,  a  8\;^ge8ted 
foramla  for  calculating  k^  is 

kg    -    3.03  X  icr^  T°*^®  (20) 

Thus,  for  a  given  probe  geonetiy,  Nu  is  dependent  only  on  tiie  local 
reservoir  conditions}  and  for  any  given  run  at  a  constant  I^,  Nu  is 
a  function  only  of  inpact  preosure,  p^** 

C*     Temperature  Recovery  Factor  Detenaination 

In  order  to  calibrate  a  total-tcr^ratur©  probe  for  future 
application,  sone  Measure  of  its  ability  to  convert  all  of  the  kinetic 
energy  of  an  air  stream  into  heat  energy  i"iust  be  obtained*    For  this 
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purpose  a  temperature  "recoveiy  factor"  is  connoal^  defiiied  as 

ml  J 

r  «     J"  :»  (a) 

o 

where  T^'  is  tlie  tosperature  sensed  by  the  probe* 

Since  it  was  desired  to  rieasure  as  accurately  as  possible  the 
sciaU  differonce  between  T^  and  T^*,  tiie  probe  thenaocouple  was  differ* 
entially  oe»uiected  with  tlie  z'esenroir  therrnooouple,  as  shoMn  in  Fig*  7* 
In  this  rianner,  the  e,n*f»  read  on  ti^i©  potentiometer  was  proporticMial 
to  tlie  difference,  T    -  T  ••    Usin^  ttie  therraocoi:^le  tec^jerature- 
ndllivolt  equivalent,  the  t«i5)Qrature  difference  was  converted  to 
degrees  Fahrenheit* 

Vlitii  the  recording  of  reservoir  teniae  rature,  T  ,  and  subsequent 
calculation  of  tlie  strBaia  ten5)erature,  T,  using  the  adiabatio  esnergy 
equation,  all  infomation  for  determining  racovcry  factor  was  available, 
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17.     KKPRHIME!ITjM  EESi:L'iP  AIJD  DlSCUSSIOri 

km     Inpact  Pressure  lioamirenento 

!♦    Experl^rtontal  P-esnIts 

Ijs^act  pressure  data  V70i*e  obtained  at  a  noniinal  I'lach  ixunber  ^•6 
for  intact  pressuire  probe  Typ©«  I  and  II  as  described  in  Section  II, 
The  range  of  test  conditions  are  sua:aarized  as  follows  s 

H    =•    !;«3  to  5.6 
Ra     «    l;25  to  8,000 

The  prinaiy  results  of  tliis  pFiase  of  the  investigation  are  slwwn 
In  FigB»  11-16  wiiich  sliow  corrections  to  be  applied  to  lueasured  inpact 
pressuroe.    'I*wo  different  pararieters  based  an  free  strean  conditions 
vere  used  to  present  the  oorreotions  v^ich  are  given  as  the  mtio  of 
raeasurod  impact  pix3ssurB,  p  •*,  to  tho  ideal  non-viscous  intact  pressure, 
p  *•     In  addition  to  the  parartieters  based  on  free  strea^n  conditions, 
the  inp>act  pressure  ratios  obtained  for  impact  prsssure  probe  Type  I  are 
presented  in  Figs.  13  and  lU,  as  a  function  of  ihe  sarae  parameter  based 
<Mi  flow  conditions  b^iind  a  nonnal  shock. 

The  results  of  tiie  experLnents  shov  t^iat  the  Rayleigli  fomiula 
requires  corrections  for  viscous  effects  u.\en  the  Reynolds  nunber 
based  on  free  stream  conditions  Is  less  tiian  6,000  for  probe  Type  I  and 
less  than  U,000  for  probe  Type  II.     However,  the  correction  is  sniaU 
for  til©  range  of  Reynolds  nunber^  obtained  in  ttiis  invest igatioiu    The 
maxinRua  deviation  of  the  measux^  intact  pressure,  obtained  at  tine  lotf 
pressure  lijnit  of  the  experinental  equipnent,  was  2.5  per  cent.     The 
deviations  of  tlie  raeasurod  inpact  pressures  from  the  ideal  impact 
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prBssuriM  were  negative  in  sense  that  tlie  iieasurcd  intact  pressure 

vas  less  .tlian  tlB  ideal  non-vlaoous  impact  pressure  (i.e.,  PoVPq*  ■'^   !)• 

It  should  be  noted  lisre  that  the  specific  impact-prBssiire  correction 
data  presented  are  valid  only  for  the  miiee  of  Ilach  nuabere  \Med  to 
obtain  the  data  and  for  the  particular  types  of  probee  considered* 

2»     Conaide  ration  of  the  Hethoda  of  Data  Prasentation 

Presentation  of  tiie  data  versus  a  parameter  based  on  free  streaia 
oonditionB  is  most  desirable  frcci  the  viewpoint  of  practical  application 
of  the  data  to  correction  of  raoasuired  impact  pressure.     The  deviations 
of  measured  impact  pressure  from  that  predicted  by  the  Rayleigh  equation 
are  caused  by  viscous  and  low  density  effects.     Consequently,   Hie 
Reynolds  number  and  the  Knudsen  nimiber  based  on  free  stream  conditi(ms 
and  the  intact  pi*obe  di£Enoter  were  chosen  as  significant  parameters* 

It  is  not  to  be  eiiqjectcd  that  the  calibration  curves,  obtained 
for  neasured  inpact-pi^ssuro  correction  versus  paranietere  based  on  free 
stream  conditions ,  are  independent  of  Hadi  nurabcr*     Ikyuever,  over  the 
limited  rani^  of  Madi  msabens  encountered  in  this  investigation  ti« 
dependence  of  the  impact-pressure  calibration  curves  on  Madi  nujrioer 
was  not  apparent. 

Use  of  flow  paratieters  based  on  stream  conditions  behind  a 
nonaal  shock  penaits  oor^rison  irithr  enqporlmental  results  for  irajjact- 
pr^ssure  con^ctions  in  oub;^onic  floixs.    For  a  more  detailed  study  of 
the  data  and  correlation  with  tlieoryy  tlie  most  useful  presentation  is  & 
plot  of  noasurod  impact-pressure  correction  versus  parameters  based  on 
stream  conditions  behind  a  normal  shock  (Cf.  Figs.  13  and  lU). 
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j,    COTiparlflon  with  PiiDvloue  loqperineiital  Inve8tl£:atlons  and  Tlieoiy 

Only  a  qualitative  comparison  with  previous  investigations  can 
be  made  as  the  present  invBetigation  was  conducted  at  ccnsideirabl^'  higher 
Madi  nunbers  than  any  previoiis  oxperinental  x«)rk»     Ihe  niost  significant 
difference  in  reoulte  obtained  in  this  investigation  as  owi^red  with 
reeulte  of  similar  investigations  is  that  the  viscous  effects  on 
inj[:)act-pro8Sure  iieasunenents  becone  apparent  at  nuch  laiiQer  Reynolds 
nunbere  for  the  lilgher  Mach  numbers  encountered  in  this  investigation. 

33ie  results  shown  in  Ref.  1  for  a  probe  of  Type  I  at  a  nociinal 
I4aoh  ninber  of  2*^  show  inczeasing  viscous  effects  on  neasured  inpact 
pressure  with  decreasing  Reynolds  rasiibers,  beeinnlng  at  Reynolds  nunbers 
of  1^0  to  200,     2he  preseiit  results  at  nominal  Mach  nujriber  $.6  show 
viscous  effects  for  Reynolds  ntsibors  less  than  6,000»    Qualitatively, 
tlie  results  of  this  investloatlon  are  in  agrseraent  witli  experlaental 
results  shown  in  Ref.  1  for  an  ir^act-prBssure  probe  of  Type  I*     The 
reoulte  of  fief.  1  show  neasured  imiiact  pressures  lees  ttian  the  Ideal 
over  the  range  of  Reynolds  nmbers  froia  30  to  200.    For  Reynolds  nunbere 
below  30  the  data  of  Ref.  1  show  neasured  inpact  prwsuree  greater  tlian 
the  ideal. 

EaqperLmental  results  for  a  source  shaped  probe  (Refs.  1  and  2)  show 
oonsistently  increasing  Pq"/pq'  with  decrDasing  Reynolds  ntriber.     It 
aqppears  that  the  source-shaped  probe  has  soiowhat  different  viscous 
characteristics  thazi  those  of  Types  I  or  II. 

It  is  possible  that  the  curve  shown  in  Fig.  U  lal^t  tend  to 
swing  vqp  to  values  of  p^VPo*.  Gr'eater  than  one  If  data  at  the  lower 
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Reynolds  nu.ibera  \rore  includod.     It  shoiJLd  be  noted  here  that  the 
ninirmn  value  of  the  ratio  Pq^/p^*  observed  in  this  inTcstigation  woa 
lower  by  cpprc«inately  2  per  csent  than  the  vclues  of  PoVp^'  shown  In 
Ref .  1  for  a  probe  of  Type  X» 

An  atter.-^  to  correlate  directly  Pq'Vp^j*  with  Jl  /d^  M/He  fails 
irt»n  a  oonporison  is  nade  vith  the  results  of  Ref.  !•    For  a  nominal 
Jlaoh  number  of  2»5  the  viscous  effects  becone  apparent  for  values  of 
Jl/d  less  than  ,0196  as  calculated  from  tiie  data  oontaixxed  in  lief.  1* 
As  shown  in  Fig,  12  the  viscoiis  effects  at  a  norainal  Kaoh  nuraber  of  $»S 
beoarjie  apparent  for  ^  /d  less  than  .001»     !Eie  ooc^arison  with  previous 
investi^atiais  verifies  ths  dependence  of  the  curves  shown  in  Figs, 
12  and  l6  on  Iladi  niobor, 

Ref,  5  contains  a  theorotical  de"velopment,  for  selected  probe 
gecwietiles,  wb.idi  predicts  a  viscots  correction  for  impact  preesurQS  in 
supersonic,  contintam,  viscous  flovf,     Ihis  developiient  assuries  a  normal 
shock  wave  and  includes  tiie  viscous  effects  in  Hie  subsonic  flow  field 
by  neans  of  a  boundary  layer  analj'sis,     Siis  theory  predicts  tiiat  the 
ie^act  pressure  sensed  in  a  viscous  fluid  is  aluaye  larger  than  the  ideal 
noh»viscou3  impact  p  res  cure, 

Tlie  results  obtained  in  tliis  iiivestication  are  in  variance  with 
this  tlxjoiy.    As  pointed  out  previously,  other  inves titrations  at  Imrer 
Maoh  nucibors,  irith  souroe-shaped  probes,  have  shown  measured  ir^act 
prcJssuiT38  liisher  than  -flie  ideal.     It  is  apparent  tlxat  for  certain 
Beynol/ia  nunber  and  Mach  number  ranyes,  the  theory  given  in  Ref,  5  is 
Invalid  for  Lipact-prDssurs  prrjbes  of  the  t:,'pcs  used  in  this  investleation, 

A  tiieorotical  ai^alysis  of  impact  pressure  by  Staroa  (Hef  •  8), 
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based  on  the  entrq^y  x*ise  and  the  related  dissipation  behind  a  detached 
normal  shock,  predicts  tliat  neaaured  inpact  pressures  in  a  viscous  super- 
sonic flow  are  less  than  tlie  ideal  non-viscous  inpact  prescures.    For  the, 
ranee  of  liach  nurabers  and  Re:;'nold8  nianbers  encountered  in  tiie  present 
investigation,  it  appears  tiiat  this  theoretical  analysis  is  qualitatively 
correct* 

B,     Total-ToKiperaturB  Probe  Calibration 

!♦     Initial  Calibration  for  Congjarison  of  Probes  A  and  B 

Total-tenperature  Probes  A  and  B  were  initially  calibrated  at  a 
constant  total  ten^jeraturD  of  225>^«     The  choice  of  total  teiaperature 
was  based  on  two  coi widerations :  the  teciperature  chosen  was  sufficiently 
high  to  prevent  condensation  of  tiie  constitxents  of  tiie  air  in  tiic  wind 
tunnel  test  section  and  was  sufficiently  low  for  it  to  be  naintained 
aver  the  operational  rani^e  of  reservoir  pressures.     Ihe  Wach  number  was 
not  constant  over  the  ranee  of  test  conditions  but  tended  to  vary  slightly 
with  dccx^easing  reservoir  pressuxo  and  increasing  total  tecmeratuie* 
Unavoidable  vartatiai  of  tiie  boundary  layer  thickness  in  the  nozzle 
produced  tlds  variation  of  Ilach  number* 

Test  oonditione  for  the  initial  calibrations  are  sunriarized  as 
follows  I 

p^Cpsia)     -    lii.7  to  9h.7 

Re/inch      =     30,800  to  213,000 

M  -    5.5  to  ^.S 

The  resiilts  of  tlie  initial  calibration  are  presented  in  Fig.  17,     The 


26 

variation  of  the  teriporature  moovcry  factor  is  plotted  as  a  function 
of  the  Re^Tiolds  nuriber  based  on  free  strean  conditions  and  tho  probe 
entrance  outside  diaiietor*    For  calculation  of  the  temperature  T:iecx)vcry 
factor,  adlabatic  flow  fron  the  tenpomture  probe  located  just  aliead  of 
the  nor.sle  tl-roat  to  tlie  total- tanperatuixj  pi\)be  in  the  test  section 
was  aseuned* 

The  teriperature  rBCove:y  factor  for  Probe  B  was  considerably 
lower  tiian  triat  for  Probe  A»     However,  the  gofieral  siiape  of  the  two 
ealibration  cujrTce  is  sirailai-.     1h6  relatively  poor  porfonnancc  of 
Probe  B  can  be  partially  attributed  to  its  smaller  entrance  dianater» 
EvidK:it3y,  tlie  snaller  diameter  shield  is  less  effective  than  ttie  large 
diatoeter  shield,  and  hence  aUcws  more  conduction  and  nidiation  losses 
froa  the  stagnation  streanline»     Tne  shield  on  Probe  B  is  also  sanexiiat 
longer  tiian  tiiat  cai  Probe  A*     Tae  increased  shield  lencth  is  also  con- 
ducive to  more  heat  loes.     It  would  be  expected  tiiat,  since  the  length 
to  dianeter  ratios  of  tho  tIienaocoi:5)le  wires  for  the  two  probes  are 
essentially  equal,  the  conduction  loss  tii rough  the  thexwocouple  wiros 
would  be  approximately  tlie  same* 

llo  additional  calibrations  were  riade  for  Probe  B  at  other 
reservoir  pressures j  instead.  Probe  A  was  chosen  for  riore  extensive 
calibration  analysis* 

2*    EKtended  Calibration  of  Probe  A 

Probe  A  was  calibrated  for  the  operatinc  ran^e  of  reservoir 
pressures  at  tliree  total  ta^^ratures.     2he  range  of  total  tcriperatures 
-used  was  restricted  d^  to  tiie  oonsiderations  previofualy  rientionod. 
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T'lre©  scries  of  data  vjere  rGco^^ed  for  osGoitialij''  tiie  sarie  rarire  of 
Hofynolds  niriberB  and  Kach  nismbers  at  conrstant  total  tonperaturBS  of 
220*¥,  22^F^  aic'  260°?,  rcjcpcctively.    Test  conditions  for  "tJiese  calibra- 
tion runs  are  suinarized  as  follo^isj 

P^    -    lh.7  to  9ii.7  psi 
He     »    30,800  to  213,000 
M      -    ^.5  to  $.8 

The  resvJtG  of  n^G  caaib ration  of  Probe  A  aiB  presented  in  Figo,  l8«2n. 
The  taupe  rtiture  recover^'-  factor  Is  prtssonted  as  a  fxjicti£>n  of  ■Uii^eo 
different  i:>aranctcrs.  Re,  IIu,  and  I?u  ,  in  an  attaint  to  shot;  the  effect 
of  the  total- tcnperaturc  diango  on  the  oalibmtion  curves.     TiiB  only 

curve  iihich  chows  a  distingidshable  effect  diie  to  total  t€rij>arature 

■a 

change  is  the  one  based  on  the  paranoter  Mn    shown  in  Fig.   20  •     Bii^, 

it  is  noticed  tiiat  the  tencierature  recox'ei^?'  factor  is  apparently  hijiest 
for  a  c^vBn  vr-lue  of  Ihx    at  the  loiTest  total  oenperaturo.     It  choiOLd  be 
noted  licre  tj^iat  the  calibration  curves!  obtained  in  tliis  investigation 
are  quantitatively''  valid  only  for  the  i)articular  probes  used  in  the  tests. 

3m    Suitability  of  Para-Tetcrs  for  Presontinc  Torrg>eratTxr9 

ReoQveiy  Factor  Caliby:itions 

The  ideal  pararioter  to  lase  in  plotting  a  calibration  curve  is 
ane  wtiidi  is  bascxi  on  properties  of  the  frse  stroan  and  wliich  yields  a 
single  cur^-'e  valid  over  a  considerablo   mnoe  of  flov;  conditions.     'Ihe 
VjEQ/nolda  nimber  based  on  properties  of  tiie  free  stream  providos  a  con- 
venient pamnster,  arjd  the  results  of  thife  Investlsation  s^lOW  that  \is« 
of  this  paraneter  produces  a  siJigle  curve  for  this  range  of  test  con- 
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ditions*     The  Nusselt  nunber  based  on  flew  condltd.on8  inside  ttie  probe 
and  <Hi  the  thenaocouple  wire  diameter  also  piDduces  a  sin^ile  curve  over 
the  rarige  of  test  conditions.     It  is  difficult,  however,  to  Justify 
theoretically  the  significance  of  eitiier  of  these  paranetere,  and  it 
could  not  be  expected  that  use  of  eitiier  Ha^'nolds  number  or  Ilueselt 
nunber  would  produce  a  sinijle  curve  for  lartje  variations  of  I4ach  number 
or  total  tenperatuTBe     It  diould  be  noted  triat  the  liusselt  number  of  the 
flow  within  a  given  probe  geonotiy  can  be  related  to  the  properties  of 
the  free  strean.     The  only  properties  required  to  obtain  the  liusselt 
nxinber  are  the  total  temperature  and  the  impact  pressure. 

An  attaint  was  made  to  detentiine  tlieoreticaUiy  a  significant 
parameter  based  on  flow  conditions  inside  the  teriperature  probe*     ihis 
theoretical  analysis  is  presented  in  Appendix  A  and  is  based  on  consider- 
ations of  a  simplified  theory  of  heat  trazisfer.     For  the  puiposes  of 
tbo  problem,  it  was  assumed  that  heat  losses  other  than  conduction 
thn>ugh  the  theznocouplo  wires  are  negligible*     Ihis  analysis  indicates 
tlie  significance  of  the  parameter  Nu  kp/k^,  which  is  proportional  to 
Nu    (defined  \y  Eq,  16),  this  factor  of  proportionality  being  constant 
for  a  given  probe  geometry*     Ihe  theoretical  results  shown  in  Appendix 
A  Indicate  tiial  Uie  teciporature-recovery  factor,  vrtion  plotted  versus  ilu  , 
sliould  be  invariant  with  respect  to  total  temperature  and  the  free  stream 
Haoh  number* 

Aa  previously  noted,  use  of  the  parainoter  Nu    does  not  yield  a 
single  calibration  curve*     It  c^ppears,  tlierefore,  tiiat  the  assumptions 
made  in  the  theoretical  analysis  ar6  perhaps  over  simplified,  and 
COTisequaitly  do  not  provide  a  sufficiently  accurate  anal.'Sis  for  the 
tempo ratLue  probe  iksed  in  this  investigation*     It  is  believed,  however. 
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tiiat  for  Variable  free  stream  Ilach  nuibcrs  tiiis  paranoter  vfould  prove 
superior  to  those  based  on  free  stream  caiditions* 

U«     CoKgrnilBon  with  a  PrpviouB  J^jeriincntal  Investif::atd.on 

Sy  Msix^  the  paracicter  Nu  1^A«>  wtiich  ie  as  raeationed  previously 
pix>portional  to  wliat  is  defined  in  Uiis  stud;^  as  llu  ,  £•  Vinkler^  Eef *  U^ 
has  obtained  a  single  calibmtion  curve  valid  for  a  coiisiderablo  poiige 
of  total  toraperaturaB,  Reynolds  nunberB,  and  li;>'per8onic  Mach  numbers. 
For  the  probe  calibztited  in  Ref«  11,  it  was  estoniated  tiiat  95  per  oent 
of  the  total  heat  looses  was  dixe  to  oonductiai  through  the  thennocouple 
wires.    The  results  obtained  in  this  investigation  are  saKe\3iiat  different 
frora  tliose  of  Ref ♦  11.    This  variance  mi^t  be  partially  attriLuted  to 
the  aiiicldlne  enplo^ried  on  Probe  A  not  bain^  as  effective  as  the  sliiclding 
used  for  tlie  pi'obcs  calibrated  in  Ref.  11.     Less  effective  sidolding 
would  iTials  nore  inaccurate  tlie  assuc^ions  used  in  Appendix  A,  wrach 
theoietically  establish  llu    as  being  a  significant  pairineter.     It  vroijjd 
then  be  e:cpcctGd  that  a  p:::obe  iiliXdb.  had  relatively  inadequate  siiielding 
with  consequent  increased  losses  from  the  stagnation  streanline  would 
not,  for  a  given  value  of  Mu  ,  liave  a  ienperature  recover^'  factor 
constant  x-jith  rospoct  to  total  taiperature. 

Etqxjrinental  data  given  in  Kef.  11  ohovj  a  dependence  on  total 
ternperature  of  a  plot  of  tonperature  recovery  factor  versus  Reynolda 
number.     In  Ref.  11,  the  total-tenperature  chai^ges  were  quite  large; 
therefore,  the  dependence  on  total  teniperature  was  easily  detected.    /;8 
previously  pointed  out,  for  the  linited  total-teciperaturo  range  available 
in  this  investigation  and  for  tiio  curve  of  tcnperature  recovery  factor 
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versus  Loyiiolds  nuAber  shoisi  in  Fi^.  18 ^  any  effect  due  to  change  in 
total  teti^GTaturo  was  not  apparent  witliin  tlie  noirial  scatter  of  tiie 
eaqfyerimontal  data*     It  is  ejqjected  that  if  V:ie  range  of  tauperati^res 
coiild  have  been  cxbondod^  the  effect  of  the  cliange  of  total  temperature 
would  liave  becone  apparent* 
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With  regard  to  the  inpact-pressure  phase  of  this  investigation  at 
a  norainal  Itach  nunlDer  of  5»6,  the  results  indicate  tlie  detection  of 
vlsooxis  effects  on  the  readings  of  in^Dact^ressure  probes  at  Rejoiolds 
numbers  as  hi^h  as  6000.    While  the  effects  are  negligible  at  tiiis 
Reynolds  nuiber,  they  continue  to  increase  with  decreasing  Reynolds 
numbers,  and  at  a  Reymlds  nuaber  of  k2S  the  isisasured  impact  pressure  is 
approxiraately  2.5  per  cent  lower  than  that  predicted  by  tlie  Raylei^h 
equation.     A  oorparison  of  the  two  probe  geometries  tested  indicates 
that  the  flattened-aid  probes  are  more  susceptible  to  these  viscous 
effects  at  the  lower  Reynolds  numbers  tlian  are  the  circular  end  probes. 
It  appears  definitely  that  tiiis  investi4;ation  should  be  extended  to 
higher  Haoh  niinbers  and  lower  Reynolds  nixnbers^  since  both  of  tiiese 
variations  tend  to  increase  the  viscous  effects  on  impact-pressure 
detenainatian« 

The  total-teK5)eraturB  phase  of  this  investigation  involved  the 
ccilibration  of  a  particular  tenperatAirs  probe  and  an  analysis  of  various 
paraneters  suitable  for  presenting  ihis  calibration*    For  tirie  norainal 
Mach  number  of  5.6  and  total  temperatures  from  200*^  to  26o  ^,  a  sinsjle 
calibration  curve  of  temperature  recovery  factor  was  obtained  with  tlrie 
tise  of  tiie  Reynolds  number  of  the  free  streaEi  based  on  the  probe  entrance 
outside  diameter  or  the  Nusselt  niimber  of  the  flow  inside  trie  probe  based 
on  the  themocoijq^le  wire  diameter*     Tlie  data  shew  tliat  the  ten^jerature 
recovery  factor  of  tim  total-temperature  probe  decz^ases  with  decreasing 
Reynolds  numbeze*     tiare  again  it  seems  desirable  to  extend  the  investi- 
gation to  higher  Mach  numbers,  lower  Reynolas  numbers,  and  a  wider  raxXiS 
of  total  tcnperaturee* 


31 

REFERSIKJES 


!•    aieivian,  F»  S.i     "Hew  Experijnenta  on  Invpaot-PressurB  Interpretation 
in  Suporsonic  and  Subsonic  Rarefied  Air  StrieaT©",  IlAOft.  TN  2995?,  1953. 

2*    Kane,  E#  D«  and  lias lach,  Q,  J,  j     "In^saot-Prossu^  Intozprctation 
in  a  Rarefied  Gas  at  Supersonic  Speeds",  HACA  TN  2210,  19^. 

3*    Kane,  E*  D»  and  Sc^iaaf,  S«  A«t     **Vlscou3  Effects  on  Impact  Probes 
in  a  Subsonic  liarefictl  Gaa  Flow",  Report  iio,  IiB-l50-62,  Univ.  o:*^ 
California,  March  9,  195?1« 

km    Charabre,  P*  X«*  and  Smithi  H*  R«t     "The  In^ct  Tube  in  a  Vlscoias 
Conpressible  Qas",  Report  Ho.  H&-150-63,  Univ.  of  California, 
AuGust  29,  19U8, 

$9    Charabro,  P»  L«s     "Tlie  Tlieory  of  the  Impact  Tube  in  a  Viscous 
Co^^uTBesible  G.-is",   Ifeport  No*  HE-i:^0-50,  Univ.  of  California, 
Novaaber  1,  15?U8» 

6,    Cliambre,  P.  L.  and  Schaaf,  S.  A.i     "The  Theory  of  tiio  Ir^ct  Tube 
at  Low  PrcsEiiree",  Jour.  Aeit>.  Sci.,  Vol.  15,  Iio.  12,  Decer-.ber 
19U8,  pp.  73W37. 

7«    Murpliy,  S.t     "Evidences  of  an  Inherent  Error  in  Measureraait  of 
Total-Ifead  Pressure  at  Supersonic  Speeds",  Aoro.  Eng.  RevieiJ, 
Vol.  12,  Ho.  11,  Novenibor  1953,  pp.  U7-51. 

8.  ^Staros,  B.«     "Investi^^ation  of  Effect  of  feiergy  Dissipation  D^iind 
a  Detached  Shock  l/ave  on  Total-Head  Heasujc^ecients",  Ae.E.  ITiesis, 
CallPomia  liistitute  of  Tedinolooy,  1950* 

9.  Lieixiann,  H.  W.  and  Pucketb,  A.  K.i     "Introduction  to   'leitK^nianiics 
of  a  CcKi^^ressibls  Fluid",  John  VftJLe^-  and  Sons,  Inc.,  Hew  Yoric,  19U7» 

10.     Toien,  H.  S.:     "Sui^jracrodc^^naiiics,  Heclianicc  of  F^r^fied  Gases", 
Jour.  Aero.  Sci.,  Vol.  13,  IIo»  12,  Doceaber  19U6,  pp.  653-^. 

U.    VJinlcler,  E,  M.i     "Deeiyi  and  Calibration  of  Stagnation  Tes^rature 
Probes  fo-'  Use  at  Ilith  Supersonic  Speeds  and  Elevated  Tensperaturos", 
Jour,  of  App.  Physics,  Volo  25,  No.  2,   231-232,  February 
195iio 

12.  Goldstein,  D.  L.  and  Sdierrer,  R.j     "Design  and  Calibration  of  a 
Total- Xerjiierature  Probe  for  Use  at  Sujjorgonic  Speeds",  NACA  Til  1885, 
19U9. 

13.  Hottel,  lU  C.  and  Kalitinsky,  A. :     "Tenperature  Measurenents  in 
Ilich-Velocity  Air  Streartie",  Jour,  of  App.  !Ieoh.,  March  19U5> 
pp.  A25-A32. 


32 

r 

111.  Ilypersordc  i:ind  Tuiiricl  Stai^f  :^  "Cliarts  a:id  Tables  Tor  Anal^-sis  of 
Hyperscanic  Flow*,  California  Institute  of  Teclmolota''*  Ouggenhein 
Aororuiu-tical  Laborator;)-,  ili'iJGrQori.ic  'liind  Tumiel  Ileiioraiidtiii  lie*  hp 

!$•     Einmr,  M,j     "Direct  llGGSurane^it  of  Lariinar  Stdln  Friction  at  Hypor» 
soir-.c  Sr>©ede",  Ph,D#  '-CiesiS/  C  ilifomia  Iiistitute  of  Teolmology, 
1953, 

16.  Moroy,  F.  C.j  »NBS-iLXA  Tables  of  Thenial  Propertios  of  Gases", 
Tablo  2.39,  Deconibor  19^0. 

17.  Cliapian,  S.:     «Cn  tiio  Laii  of  Distribution  of  Molecular  Velocities, 
and  on  t!ie  Tlicoi^*  of  Viscosity  and  Tlicznal  Conduction,  in  a  Ilai- 
UnifoiTi  Sir.iplc  Hamtoiiic  Gas",  Fiiul.  *raiiB»  r.oy«  Soc«,  Vol.  216(a), 
pp.  279O3U0,  1915.    . 

18.  Scadit)n,  11.  D.  and  Warshausliy,  I.:     "Sxperinental  lietert'.'cUia iion  of 
Tine  Constants  and  Hacselt  liuribeiis  i'or  Bare-vJire  Thcri:iocoL.ples  in 
Hicl>»Velocity  Air  Streara  and  -Analytical  Approximation  of  Con- 
duction aiid  Radiation  Ei-tozb",  :i;\CA  TU  2599,  19!?2. 


33 


TRHPEPJiTUET.  lUUDR  AT  A  TIEKIOCOUPIJ:  JUNCTTON 

nuK  •©  coi©ucTio!i  IN  Ttffi  TiSRJioocsjpLE  mms 

If  it  were  possible  to  l?ring  a  fluid  5t:::«ara  to  rest  adiabaticaHy 
at  a  tliemooouplo  junction,  tho  Idnatle  energy  of  the  stream  iroiild  be 
ooii^let^ly  recovered,  and  the  fliiid  tepipemture  at  the  jxuiction  \r>v3A  be 
tho  total  tenpoxatui^,  T  »    With  an  actual  tGrn-ieratur^  p:rt)be,  it  Is 
ir^xjcsiblo  to  achieve  absolute  adiabatio  doceleraticai  of.  the  flosr  to 
stagnation.    Ac  the  tenpcratiii^  of  a  fluid  eloDient  in  the  stagnation 
streanline  increases  above  the  static  texiperatune  of  the  free  otrean, 
tliere  is  a  losn  of  heat  from  the  sar^jle  due  to  condiiotian  of  heat  throTigh 
the  gas  ^-n  addition  to  mdiatlon  and  convective  heat  transfer  to  the 
probe  shield. 

Ifoyever,  according  to  Hef»  18,  ttie  heat  loss  due  to  non-adiabatio  ^ 
flow  alone  the  stagnation  streanline  and  the  heat  loss  from  the  thozno- 
oonplc  junction  by  radiatloji^are  considered  to  be  relatively  snail  ooia- 
parDd  to  the  heat  loss  from  the  Junction  by  conduction  through  tho 
tliemoco^i^le  uires.    Consociuent2y,  for  this  analysis,  only  tlie  heat 
loss  due  to  conduction  tliroruch  the  thonaocouple  wire  is  considered. 
To  evaluate  this  effect  it  is  assuied  that  there  exists  a  vuiifom  fluid 
tei5s:)eraturo,  T  ,  along  the  bai^  themoooiiplo  wire  and  tliat  tlsero  is  a 
ne{;ative  tenperatiire  gradient  f  ron  the  tliorrnocouple  junction  to  the  base 
of  tlie  Tiire.     It  is  also  ansuned  tiiat  tiie  temperature  of  the  ^lire  is 
constant  at  any  cross  section. 


\sliRE   SuPPn^-r 


Refenrlng  to  tiie  above  sketch,  the  teriperature  of  the  i/lro  at 
A,  T^j  rmst  be  £ire»itex*  tiian  the  tenperature  at  B,  Tg,  in  order  foi-  hoat 

to  flow  f it)n  A  to  B,    Also,   (dT/dJc)^  «  0  Ijgr  syiiaetiy,  and  the  ve3.ocity 

2 

insiclo  the  probe,  u  ,  is  assined  siaall  s6  tliat  (iL  )/(2c  J  C^  T^^)  ^<   1. 

Coiisidei^Tir  a:i  elerieat  of  wisTJ  of  laigth  dx,  the  heat  flux,  Q, 
tiiT\>UijIi  tiie  wire  at  a  [jiveii  cidss  ^ectioii  is 


»■<-^.^.'-^ 


(A-l) 


where  k..j  io  the  coefficient  of  the  anal  conductivity  of  the  wire*  llien  at  a 
point  a  distance,  dx,  f  rwa  the  given  cross  section  the,  heat  flux  is  given  ly 


Q  ♦  dP^  «  • 


^  "■  x^  J   •*"(  ''^    )  dx 


lTd„^ 


(A-2) 


a:id  the  Inci^rient  a*  heat  flic-:  in  tlie  element  of  wire  of  laicth  dx  is 


da 


r  ^^  ^  -nr 


dx' 


(A.3) 


Now  coaisider  the  heat  flux  f rem  tio  fliiid  to  tiie  wire  tbrouch  the 
emrface  of  the  wire  element.     'Ihie  nay  be  written 


dQ    «     (T    -  !]^)  h  TT  d^j  dx 


(A-U) 


X4iiere  T.  is  the  stagnation  tanperature  of  the  fluid,  Ty(x)  is  tlie  local 
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tenporatiiro  of  tiie  wire,  and  h  is  tiie  cx>nvective  heat  transfer  coefficient 
wliich  includes  the  cciibined  effect  of  conducticai  thixjuch  the  film  and 
convection  in  the  fluid*    dis  coefficient  is  assuned  to  be  constant  ovBr 
the  length  of  t2ie  wire. 

Now,  for  eq-uilibilua  conditions  to  exist  in  the  wire,  the  heat 
flux  tlirough  the  surface  nust  equal  tlie  change  of  heat  flux  alcmc  the 
tliemocouple  wine*     Thus,  the  resulting  differential  equation  is 

^\  lih 

It  is  convenient  nofej  to  introduce  the  Nusselt  nuinber,  in  tiie  fona 

Nu    »    h  d,^  (A-6) 

where  kg  is  the  coefficient  of  tiioniial  conductivity  of  the  fluid.     %en, 
denoting  the  cross  sectional  area  of  the  wire  bj/  A,  Eq*  A-5)  becaies 


d^^ 


r-  -  ife  -^  "irrr-  <^  -  To>  ''  ^      ^^-7) 


dx 
The  general  solution  of  this  differcsitial  equation  is 


Tihere 


^^   •  m  (kg/i^)(iAA)  (A-9) 

Mow,  if  the  boundaiy  conditions  are  applied 

C,  -  02    \^     Q^,  (A-10) 


and 

(T^  «  T^)  oosli  ^x 

cosh  ^  X 


To  •  T„  «  -ll2 ^!  I     "  ^ (A-n) 
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vrher©   A  is  Uie  lon{;th  of  id.re  between  pointe  A  and  B  iii  tiie  previous 

eketdu     At  tlie  tliemocoupl©  junction,  s  »  0,  T^  «=  T^»,  and  Eq»   (a«»11) 

beooraies 

T     -  T   •     ■    2- § (A-12) 

0^0  cosh  ^X  VA-x.:; 

Bie  energy  equation  for  adiabatic,  f  rictionleaa,  steady  flow  of  a 

perfect  i^oB  nay  be  written 

2 

Tq  -  T    «    —JL (A-13) 

and  by  the  use  of  tiie  definition  of  the  teniperature  recovery  factor,  r, 
at  the  tJieiwocouple  Juriction,  tiiis  equation  becomes 


•  2 

T      -  T     «=    r  tt  (A'-lli) 

0  ^  Jcp  ^^^^ 


or 

where  Tg  is  the  temperature  rscoveiy  factor  of  tlie  thenaocouple  base 
(Point  B  ). 

Coff.it)3jiinG  Ecis.  (A-12),   (A-3JI4),  and  (A-1E>)  T^elda  tlie  following 
expression  for  recovery  factor 

(  1  -  ^B  ) 
r    -    1    -  I     .. (A-16) 

coBh^X  ' 

It  Is  clear  tiiat  for  a  given  probe  eeometiy,  r  •»  r(2^,^  ),  where  ^  is 
defined  in  Eq«  (A-9),    Thiis,  tiie  signlficaiice  of  the  parameter  IJu  ik^/ky) 
can  be  easily  seen. 
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ACCUrACI  AJIALYSIS  OF  EXPLREIIiirrAL  a^.TA 

The  nacnitude  of  Uie  mndoa  errore  encounterKi  \jere  estimated  "by 
considerLnG  tdoe  repnxiucibility  of  tiie  observations,  the  sensitiviV  of 
the  scale,  and  the  associated  reading;  erior.    For  the  expericientalli- 
measured  quantities,  these  ostinated  errors  are  as  follows: 


Iteasiireiaent 
Static  pressure  «  p 
Icqjact  pressure  -  p_** 
Reservoir  pressure  «-  p^ 
Reservoir  temperature  •  T 
IhexBocouple  voltage 
Impact  tube  diroension  45h 


EsuL'tated  I^axinuiii  Error 

^•2  raum  of  silicone 

io»5  ncu  of  silicone 

less  than  0»% 

±2PF 

*0,01  micro  volt 

i.OOO^  inch 


The  ideal  iripact  pressure  was  olitainod  by  an  extrapolation 
procedure  as  explained  in  Section  III.    The  ostLaated  aaxinum  probable 
error  in  tlie  extrapolated  value  of  ic^pact  pressiire  is  ^.^  cm.  of 
sllicaie*     This  estimated  value  vas  dcteimined  as  a  result  of  a 
gre^jhical  study  of  the  extra^lation  curves. 

The  accumcr/  of  the  cranputed  values,  based  on  botli  estiraatcd 
errors  in  the  individual  rieasurcicnte  and  tiie  errors  frcci  the  use  of 
graphs,  tables,  etc*,  is  as  folloi<rsi 


3tJ 


Quantity  I-Iaxinuii  Error 

Ratio  of  inpact  prerjsures  -  PqVp-.'  •  0*12^ 

Ilacli  IJuibep  -  M         ■  i  1^ 

Free  Strpan  TQii-»erat-i2\3  -  T  -2^ 

PxjjTiolds  Ilijnber  -  Re  ^  $•% 

Tempera ture  Reooveiy  Factor  -  r  *  ♦06^ 
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Type  I  Probes 
Fig.   3a 


Type  n  Probe* 
Fig.   3b 


IMPACT -PRESSURE  PROBE  RAKE 


Uh 


TYPE  I  -    CIRCULAR-END     TUBE 


TYPE    H  -  FLATTENED-END      TUBE 


SKETCH    OF   IMPACT- PRESSURE    PROBE     GEOMETRY 

FIG.  4 
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Fig.  6a 


Fig.  6b 


TEMPERATURE,   IMPACT,   AND  STATIC -PRESSURE  PROBE  SUPPORT 
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SCHLIEREN  PICTURE  OF  AIR  FLOW  AROUND  PROBE  RAKE 


Fig.  9 
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